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Abstract— A desire to reduce environmental pollution coupled 
with advances in battery technology are some of the drivers for the 
massive growth in the use of Electric Vehicles (EVs) worldwide. 
The objective of this paper is to assess the impact that large groups 
of EVs, connected to frequency-responsive charging stations, have 
on the frequency response of the Great Britain (GB) power system 
during a sudden generation loss event. The assessment considers 
the minimum expected system’s rotational inertia and the 
predicted EV charging demand in GB for the year 2025. The 
developed model employs a representative block for the EV 
clusters which are formed based on the type of frequency support 
service they can provide. The effects of the expected EV 
penetration, type of EV charging, charger delay and sensitivity of 
the control are evaluated. OPAL-RT has been used to run the 
simulation and perform the assessment. The simulation results 
highlighted the positive effects of employing EVs as a distributed 
energy storage system (DESS) in regards to the system frequency 
response (SFR). 
Keywords— Electric vehicles, frequency response, OPAL-RT 
real-time simulation, vehicle-to-grid. 
I.  INTRODUCTION 
The proportion of renewable energy sources (RES) in the 
modern power system has been widely increasing [1]. This is 
mainly to reduce the carbon dioxide levels in the atmosphere 
and to reduce the dependence on fossil fuels. These energy 
sources, however, present high variability and add another level 
of unpredictability to the energy balance. Furthermore, RES 
such as photovoltaic (PV) or wind power, inherently provide no 
contribution to the system’s rotational inertia and therefore 
have a negative impact in the system’s frequency response 
(SFR) following a system frequency disturbance (SFD). Energy 
storage systems (ESS) are being employed around the world for 
the provision of grid support and integration of RES [2],[3]. In 
parallel with the increase of RES integrated in the grid, since 
2010 there has been a significant increase in the number of 
electric vehicles (EVs) on the road. According to the 
International Energy Agency (IEA), the global EV stock is over 
2 million [4], and in the UK, this figure surpasses 140,000 
vehicles [5]. Presently the number of EVs in the UK is not so 
significant to form noticeable effects in the power system, still, 
the massive adoption of EVs may have negative consequences 
if not properly managed. For instance, if the charging of the EV 
is left unmanaged, by the year 2030, an additional demand of 
around 8 GW could arise at peak time in Great Britain (GB) 
power system [6]. On the other hand, the use of EVs as DESS 
can benefit the operation and improve the stability of the grid 
by providing services such as frequency regulation and fast 
active power injection [7]. Being able to provide fast-active 
power injection to the grid, EVs can assist the system operator 
and ameliorate the effect that the decline of the system’s inertia 
has on the frequency and on its rate of change (ROCOF) 
following a disturbance.  
This paper assesses the impact that large groups of plug-in 
EVs have on the frequency response of the power system 
following a disturbance, considering different types of charging 
strategies. Specifically, the objective is to determine the impact 
that different factors, namely: (i) penetration of EVs, (ii) type 
of charging, (iii) delay induced by the EV supply equipment 
(EVSE) and (iv) sensitivity of the P-f characteristic have on the 
SFR. A single area power system model that considers the 
aggregated response of large clusters of charging EVs has been 
developed and is presented in Section II. Section III presents 
three different ways to group the EV clusters depending on the 
charging location and on the P-f characteristic of the frequency 
response. The simulations are performed in real-time using 
OPAL-RT hardware for demonstrative purposes. The 
conditions and scenarios of the simulation are explained in 
Section IV, and the results are summarized and discussed in 
Section V. Finally, Section VI outlines the main findings of the 
paper. 
II. POWER SYSTEM MODEL FOR FREQUENCY RESPONSE 
The classical model for the study of SFR in an isolated 
system has been expanded to include the effect of EV clusters 
providing frequency support and it is shown in Fig. 1. In this 
model, sudden changes in generation (ΔPG) or in demand (ΔPL) 
provoke changes in the system frequency (Δf). Net generation 
deficits (P) cause the frequency to decrease whereas net 
surpluses cause the frequency to increase. The normalized 
kinetic energy stored in the rotating masses of the generating 
machines, at synchronous speed, is modeled by the rotational 
inertia parameter (H) and the damping parameter (D), 
represents the variation in demand with respect to the frequency 
deviation. The generators response to frequency changes is 
modeled by the speed-droop parameter (R), and the time 
constants of the speed governor (TG), and the turbine (TT). The 
change in the net injected power by the EVs contributing to 
frequency support is modeled by ΔPEV. Each EV cluster is 
formed by two blocks: (i) A P-f control block, which outputs 
the power reference for the cluster depending on the system’s 
frequency and according to predefined ramps and deadbands. 
(ii) A charger delay block, which models the delay imposed by 
the EVSE as a first-order transfer function. 
 
 
 
Fig. 1. Overview of the different subsystems of the EV cluster model. RT-
LAB implementation 
III. FREQUENCY RESPONSE OF EV CLUSTERS 
The frequency response capability of the EV clusters is 
determined by the EVSE location and by the direction in which 
energy can flow as presented in Fig. 2. In this figure, PEV 
represents the injected power from the EV to the grid and f 
corresponds to the frequency of the power system. EVs or 
charging stations not providing intentional frequency response 
are classified as unresponsive. These behave as regular loads 
which can either be charging or idle, depending on their battery 
state of charge (SOC), however, the charger will automatically 
disconnect for frequencies below 47 Hz or above 52 Hz. 
According to the location of the EVSE, charging stations 
can be broadly classified as private and public facilities [8]. 
Private facilities are usually located in households, and their 
charging rate is typically lower than 22 kW, limited by the 
electrical installation of the premise. Most households in GB 
are supplied by a single phase, and their main income fuse is 
sized at between 60 and 80 A [9]. EVs charging at these 
facilities are usually connected overnight, and since it takes 
around 6 h to charge an average 40 kWh battery with a 7 kW 
charger, the vehicle can be charged at a percentage of its rated 
capacity, thus enabling the provision of frequency response for 
over frequency events (see Fig. 3).  
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Fig. 2. Classification of EVs into clusters for the provision of frequency 
response. 
On the other hand, public facilities are installed by local 
authorities on the roads, usually between densely populated 
areas and in the city centres. The purpose of these stations is to 
charge in as short time as possible. Therefore the charging rate 
is typically higher than 22 kW with upcoming projects  
reaching charging rates of 150–350 kW [10], [11]. The EVSE 
charges the EV battery at the maximum charging rate it is 
designed to absorb. Hence, frequency containment or regulation 
is not possible during over-frequency events for EVs charging 
at these locations. 
Depending on the direction of energy flow, the charging 
stations can be classified as uni or bi-directional. In the first 
case, power is only allowed to flow from the grid to the EVs for 
charging, and the only control actions available are to reduce or 
increase the charging power, depending on the system’s 
frequency. In the second case, in addition to being capable of 
modifying the charging power, both the EVSE and EV are 
equipped with the necessary equipment to allow the energy 
stored in the battery to be discharged to the grid (See Fig. 3). 
 
 
Fig. 3. Charging and discharging profiles of EVs participating in frequency 
response. 
IV. SIMULATION SCENARIOS 
Real-time simulations are performed using OPAL-RT 
hardware for a sudden loss of generation event, which takes 
place at the time of the lowest rotational inertia in the GB power 
system. The frequency disturbance is a loss of generation equal 
to 1,800 MW which corresponds to the infrequent infeed loss 
risk in the GB system [12]. The equivalent model is divided into 
two subsystems for real-time simulation as shown in Fig. 1. The 
model is executed in the software synchronized mode and the 
fixed time step is equal to 1.0 ms. The lowest estimate for the 
rotational inertia in the year 2025 is 70 GVA·s [6]. The speed-
droop parameter is equal to 4% [13], and the load damping 
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parameter is equal to 2.5% [14]. Typical values for the time 
constants of the speed governor and the turbine are used (TT = 
300 ms and TG = 80 ms [15]). 
In this study, a low EV penetration corresponds to one 
million vehicles while a high penetration corresponds to eight 
million [6]. The proportion of EVs connected to public or 
private charging stations varies throughout the day. According 
to [16], EVs charging between 22:00 h and 07:00 h are more 
likely to be connected to private stations. The base scenario 
corresponds to the case in which no frequency support is 
provided by the connected EVs. In scenario A, the effects of the 
type of charging as well as of EV penetration are explored. In 
scenario B, the effect of modifying the charger time constant is 
investigated. Finally, in scenario C, the detection sensitivity of 
under-frequency events is explored by modifying the deadband 
of the public charging stations. Table I lists in detail, the 
different parameters used in the simulation scenarios. 
TABLE I. SUMMARY OF THE SIMULATION SCENARIOS. 
Scenario Case 
Type of 
charging 
EV 
Penetration 
Charger 
time 
constant 
Response 
sensitivity 
fwˈ 
Base --- --- --- --- --- 
A 
 
1.1 
Uni-
directional 
Low 35 ms 49.95 Hz 
1.2 
Uni-
directional 
High 35 ms 49.95 Hz 
2.1 
Bi-
directional 
Low 35 ms 49.95 Hz 
2.2 
Bi-
directional 
High 35 ms 49.95 Hz 
B 1 
Bi-
directional 
High 100 ms 49.95 Hz 
C 
1 
Bi-
directional 
High 35 ms 49.85 Hz 
2 
Bi-
directional 
High 35 ms 49.985 Hz 
V. SIMULATIONS RESULTS AND ANALYSIS 
A. Scenario A: Effect of  type of charging and EV penetration 
Fig. 4 (a) shows the frequency response when the 
disturbance is applied at t = 1.0 s for the base scenario (without 
support from EVs) and for the cases with both uni (Case A.1.2) 
and bi-directional (Case A.2.2) charging. The minimum 
frequency (frequency nadir) increases from 49.81 Hz for the 
base scenario to 49.85 Hz for the bi-directional case. In general, 
there is a significant improvement in the frequency response 
when EVs provide frequency services. Bi-directional charging 
provides a smaller steady-state frequency deviation and faster 
stabilization. The maximum ROCOF remains constant because 
it depends only on the system’s normalized inertia constant (H) 
and on the initial power imbalance (ΔPnet). As it is shown in 
Fig. 4 (b), the ROCOF has a quick stabilization time in the bi-
directional case. The effect of EV penetration on the frequency 
response is shown in Fig. 5 (a). From this figure, it can be seen 
that even low EV penetrations result in an improvement of the 
frequency response.  
B. Scenario B: Effect of the EV charger time constant 
The effect of the delay introduced by the EV charger is 
shown in Fig. 6 (a) and (b). The frequency nadir, as well as the 
stabilization time, are modified. The steady-state value of the 
frequency remains unchanged. A bigger charger time constant 
(Case B.1) results in a slightly lower minimum frequency of 
49.845 Hz which is still a significant improvement over the 
frequency nadir obtained in the base case of 49.81 Hz. 
 
  
Fig. 4. Effect of the type of charging. (a) Frequency, (b) ROCOF. 
  
Fig. 5. Effect of EV penetration. (a) Frequency, (b) ROCOF. 
  
Fig. 6. Effect of EV charger time constant. (a) Frequency, (b) ROCOF. 
C. Scenario C: Effect of the sensitivity of the frequency 
response 
Fig. 7 (a) gives a comparison of the system’s frequency 
variation for different under-frequency deadbands in the service 
provision. Case C.1 represents the less sensitive response (fW' 
= 49.85 Hz), Case C.2 represents the more sensitive response 
(fW' = 49.985 Hz) and Case A.2.2 represents a middle scenario. 
For Cases A.2.2 and C.2, the value of the steady-state frequency 
deviation is improved compared with the base case (without 
EVs support). The frequency stabilises at 49.917 Hz and at 
49.908 Hz for Cases C.2 and A.2.2 respectively, whereas, for 
the base case, this figure is 49.891 Hz. The most interesting 
aspect of this figure is that for Case C.1, even though the 
(a) (b) 
(a) 
(a) (b) 
(b) 
frequency nadir is improved as compared with the base case, 
the steady-state value of the frequency is the same as that 
obtained in the base case. To explain this, it is useful to refer to 
Fig. 7 (b), which shows the change in the net power injected to 
the grid by the EV clusters. In the more sensitive Case C.2, the 
clusters begin to support the system’s frequency as soon as it 
drops to 49.985 Hz which occurs less than 20 ms after the loss 
of generation event. This fast power injection slows down the 
frequency decrease. Therefore, a higher frequency nadir is 
obtained. On the other hand, in Case C.2, the clusters begin to 
support the system’s frequency when it drops to 49.85 Hz, 
which, in this case is after 250 ms, as shown in Fig. 7 (c). For 
Case C.1, because the frequency stabilises above the service 
provision threshold, the EVs no longer contribute, and therefore 
the steady-state response is similar to that observed in the base 
case. 
 
  
Fig. 7. Effect of the EV response deadband. (a) Frequency, (b) Change in the 
net injected power by EVs, ΔPEV. (c) Close-up view. 
VI. CONCLUSIONS 
This research paper presented an assessment of the potential 
impact of using EVs to provide frequency support considering 
the scenario of GB by the year 2025. Simulation results 
demonstrated that large groups of EVs have the potential to 
improve the system frequency response following a frequency 
disturbance. The effects of the EV penetration and the type of 
charging were considered, and it was found that even at low 
EVs penetrations, the frequency after a disturbance shows an 
improvement as compared with the case in which no EVs 
support is available. In general, the system frequency stabilizes 
faster and to a value closer to the nominal when bi-directional 
charging is available. However, the uni-directional charging 
scheme also leads to an improvement in the SFR because of the 
load reduction. The delay introduced by the EVSE caused no 
significant detriment to the SFR in steady-state. Real-time 
simulations proved to be a valuable tool with which to explore 
the effects of fast-active power injections into the grid for 
frequency containment and regulation. A progression of this 
work is to increase the modelling detail of the EV clusters to be 
able to devise control schemes that allow them to provide 
frequency services while managing its SOC and are suitable for 
real-time simulation. 
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